The ordered, lamellae-structured ridges on the wing scales of Morpho butterflies give rise to their striking blue iridescence by multilayer interference and grating diffraction. At the same time, the random offsets among the ridges broaden the directional multilayer reflection peaks and the grating diffraction peaks that the color appears the same at various viewing angles, contrary to the very definition of iridescence. While the overall process is well understood, there has been little investigation into confirming the roles of each factor due to the difficulty of controllably reproducing such complex structures. Here we use a combination of selfassembly, selective etching, and directional deposition to fabricate Morphoinspired structure with controlled random offsets. We find that while random offsets are necessary, it alone is not sufficient to produce the broadangle reflection of Morpho butterflies. We identify diffraction as a critical factor for the bright, anisotropic broadening of the reflection peak of Morpho butterflies to a solid angle of 0.23 sr, and suggest random macroscopic surface curvature as a practical alternative, with an isotropic broad reflection peak whose solid angle can reach 0.11 sr at an incident angle of 60 o . 
Introduction
Many insects possess intricate structures in the wings and scales that cause diffraction, interference, scattering, and many combinations thereof [1] [2] [3] . They affect reflection [4] , polarization [5] , and absorption [6] of the incident light, and are responsible for some of the most impressive optical phenomena in the natural world. Studying these phenomena has led to not only increased knowledge, but also possible breakthroughs in many diverse and critical applications such as displays [7] , sensing [8, 9] , and energy conversions and solar cells [10] .
One particular phenomenon that has attracted a great deal of attention is iridescence, the property of certain surfaces to display brilliant structural colors that change color with the viewing angle [11] [12] [13] [14] [15] . Some insects, however, show structural colors that appear the same over a broad range of viewing angles, contrary to the very definition of iridescence [16, 17] . One well-known example of such broad-angle iridescence is the butterflies of genus Morpho from Central and South America [18] . They are well-known not only for their bright, blue iridescence, but also for the fact that their color seems to remain relatively stable over a wide range of viewing angles, contrary to the very definition of iridescence [19] . This seeming paradox has attracted a great deal of attention, and by now, the general principles have been well understood and investigated theoretically [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] : the blue color arises from interference within the multilayered ridges of chitin that cover the scales on the wings [20] ; the dense packing of the narrow, discrete ridges lead to high reflectivity, and also gives rise to additional effect of diffraction [21] [22] [23] ; and finally, the random offsets among the ridges removes the coherence, and broaden the sharp peaks associated with multilayer reflection and diffraction such that the color appears relatively stable across wide viewing angles [19, [24] [25] [26] . In addition, there are contributions from layer-offset within ridges, absorption, and scattering as well [26] [27] [28] . On the other hand, verifying these principles in a controlled manner using a man-made structure has been less successful due to the complexities required. Thus, previous experiments such as direct nano-fabrication of individual multilayer structures [29] , use of binary height offsets [30] or two-dimensional structures [31] have proved the overall validity of the principles, but did not provide a quantitative analysis of their effect on the bright, broad-angle blue of Morpho butterflies.
Recently, we have demonstrated that by spin-coating a close-packed monolayer of randomly sized silica microspheres, a substrate with random offsets can be generated and used to fabricate Morpho-inspired structural reflectors that show bright, angle-independent color [32] . This approach differed from other, recent reports on successfully introducing randomness for broad-angle iridescence [33] in that the color was controlled by multilayer reflection as in actual Morpho butterflies, thus enabling accurate color tuning across a wide range, and that a continuous distribution of disorder, both vertical and horizontal, was generated spontaneously in a large area without any lithography or etching [34, 35] . Unfortunately, the use of close-packed spheres creates identical horizontal and vertical offsets such that one cannot control the vertical offsets independently, and suppresses the effect of diffraction due to the continuous multilayer structure. In this paper, we use the silica microspheres as selective etch mask to fabricate a substrate with controlled vertical disorder in order to investigate its effect on the broadening of the reflection peaks. Based on quantitative comparison with actual Morpho butterflies and numerical simulations, we find that while vertical disorder is necessary to broaden the reflection peaks, it alone is not sufficient. In order to fully replicate the bright, broad-angle blue of Morpho butterflies, it is critical to include other effects such as diffraction that suppress the specular reflection and provide non-specular reflection. Surprisingly, we find that random macroscopic surface curvature, which is often overlooked in theoretical analysis, can be quite effective in generating such bright, broad-angle reflection. A monolayer of silica microspheres with diameters ranging from 250 nm to 440 nm (ethanolic silica suspension with 8 wt%) was spin-coated (3000 rpm) on a Si wafer, and then fixed to the Si substrate by a high temperature (1000 °C) annealing with oxygen gas. The microspheres were then used as etch-mask during CHF 3 /O 2 plasma etching to transfer the texture of the randomly sized spheres onto the underlying Si substrate. By controlling the gas flow (CHF 3 : 30 sccm, O 2 : 0 sccm to 10 sccm) and operating pressure (15 mT to 40 mT), we could selectively etch either Si or SiO 2 , either to enhance or to diminish the original height difference among the silica microspheres. Afterward, a 300 nm thick layer of Cr was deposited to serve as the absorption layer for higher color purity [32] , similar to melanincontaining scales in Morpho butterflies [28] . Finally, 8 pairs SiO 2 /TiO 2 layers of 73 nm and 38 nm, respectively, were sputter-deposited. The deposition pressure was kept intentionally low at 0.3 mT to induce directional growth and preservation of the random texture of the substrate in the deposited multilayers. A schematic description of the fabrication process is shown in Fig. 1 . Figure 2 shows the scanning-electron microscope (SEM) images of the original monolayer of silica microspheres and the etched Si substrates, and their vertical and horizontal offsets as measured by SEM and atomic force microscope (AFM). We see that using selective etching, the distribution of the vertical offsets can be controlled such that the standard deviation is reduced from 46 nm to 12 nm. On the other hand, the distribution of the horizontal offsets remains almost unchanged ( Table 1 ), confirming that we are isolating the effect of the randomness in the vertical offsets. 
Fabrication with disorder control

Optical analysis
Reflectance measurement methods
Angular and normal reflectance were measured for optical analysis. Angular reflectance was measured using a goniospectrophotometer consisting of two optical fibers [ Fig. 3 ]. The incident light from deuterium-halogen source (Avantes, AvaLight-DH-S-BAL) was guided and illuminated by an optical fiber, and collimated by lens. The diameter of beam spot on the samples was 5 mm. Reflected beam was coupled into the other optical fiber and measured by a spectrometer (Avantes, AvaSpec-2048). Al mirror was used for the reference. Measured data was calibrated by theoretical reflectance value of Al mirror. Normal reflectance was measured using a reflection probe separated into 2 connectors (Avantes, FCR-7UV200-2-ME). A light source was connected with one of the two connectors and illuminated through the probe end. Reflected beam was coupled into the probe end and measured by a spectrometer connected with the other connector. The same light source, spectrometer, and reference as angular reflectance measurements were used for normal reflectance measurements. In case of Morpho butterflies, the plane of incidence was adjusted to be parallel to the multilayered ridges. A schematic description of the measurement setup is shown in Fig. 3 . Figure 4 shows the SEM and optical images of the Morpho butterflies and deposited multilayer films, normal reflectance spectra normalized to max value, and the corresponding colors. Note that the multilayer thin films deposited on both silica microspheres and etched Si substrates show the random undulations. However, both the continuous nature of the multilayers, as well as their smaller degree of undulations, are different from the discrete, 3D photonic-crystal like ridge structure of Morpho butterflies. Part of the reason for such differences in size is the higher refractive index of the deposited thin film. However, while the physics of reflection from such disordered multilayer structures are the same, these differences in structural details can lead to significant differences in their optical properties, as shall be discussed in detail below. The optical images were taken under ambient light conditions, and the reflectance spectra were measured using a conventional spectrometer under normal directional light conditions. For comparison, we also show the results from a wrinkled multilayer film formed by depositing on a monolayer of random-sized silica microspheres unfixed to the Si substrate, as discussed in [32] , K. Chung et al., and from Morpho rhetenor and Morpho didius butterflies. We find that the normal reflectance spectra, and the corresponding color, of the deposited films are very similar to each other, regardless of the vertical disorder or flatness of the film, confirming that the periodicity of multilayers is the dominant factor in determining the color [36] . However, the optical images clearly show the difference in appearance. While the wrinkled film appears shiny and bright like Morpho butterflies, the flat films appear quite dark, becoming darker as vertical disorder is decreased. The reason for the difference in appearance can be found in Figs. 5, 6, 7, and 8 that shows the angular distribution of reflectance at different incident angles, measured at 460nm wavelength, the peak wavelength of the films [ Fig. 4(e) ] and Morpho butterflies as reported by [22] , S. Kinoshita et al. We find that the reflections from flat films are all dominated by specular reflection peaks. Still, as Figs. 8(d)-8(f) show, increasing the vertical disorder drastically reduces the specular reflection intensity from 72% to 10% with concomitant broadening of the reflection peak, consistent with previous results [32] . Such effect of disorder is consistent with a similar observation has been reported before [35] , albeit with a smaller set of samples and variations in disorder. However, such broadening pales in comparison to that observed from Morpho butterflies whose reflection peak, as shown in Fig.  5 , is very broadly spread out, with no discernible specular reflection peak. Note, however, that the broadening of the reflection peak from Morpho butterflies is highly anisotropic, being spread out in a circular arc perpendicular to the plane of incidence. The solid angle extended by the reflection peak, as measured from full width half maximum, can be as large as 0.23 sr, as observed from Morpho rhetenor butterfly at an incidence angle of 30 °. Such differences demonstrate that other mechanisms in addition to random vertical offsets are necessary to fully generate the broad-angle reflection characteristic of Morpho butterflies. One such mechanism is large-angle diffraction from the ridge array [21] . While diffraction from periodic structures normally leads to sharp diffraction peaks, previous investigations have suggested that random offsets blur such sharp diffraction peaks, leading to continuous, broad-angle reflection as shown in Fig. 5 [19, [24] [25] [26] . We confirm such cooperation between diffraction and random offsets by numerical simulations. Using a structure shown schematically in Fig. 9 , reflected intensities have been calculated using two dimensional finite element method with perfectly matched layer (PML) boundary conditions. An unpolarized monochromatic plane wave was used for incident light. Calculated wavelengths are from 380 nm to 580 nm with 40 nm interval. Structure size was nearly 1 × 10 μm, which contains about 30 reflective elements as seen in the Fig. 9 . Each element is composed of 8 pairs SiO 2 /TiO 2 layer with experimentally determined material parameters. A Cr layer and silica microsphere were omitted since the transmitted light could be absorbed by PML under the structure. All results show far-field reflected intensities that were obtained by near-to-far-field transformation [37] of calculated scattered near-field above 1 μm from the structure. In all cases, results from 5 statistically identical structures were averaged. The results of simulations are summarized in Fig. 10 . From Figs. 10(a)-10(c), we confirm that introducing random vertical offsets to a continuous multilayer reduces the specular reflection peak, and introduces significant reflection at non-specular angles. However, as Figs. 10(d)-10(f) show, diffraction provides much larger non-specular reflection intensity at greater angles than random vertical offset alone can. Without random offsets, only sharp diffraction peaks are observed. When combined with vertical offsets, however, strong reduction of the specular reflection intensity to less than 20% and continuous non-specular reflection from 30° to + 30° similar to that observed from Morpho butterflies can be achieved.
Results and analysis
It must be noted, however, that the sample f o , which cannot cause any diffraction due to its continuous nature, and is identical to sample f 1 except for being wrinkled, has far lower specular reflection intensity than sample f 1 , and a reflection peak whose width is comparable to that of Morpho butterflies. In fact, at highly oblique incidence angle of 60 °, the reflection peak from sample f o with its wrinkled, continuous multilayer film is much higher than that from Morpho butterflies, and is broadened isotropically as well, with a solid angle that can be as large as 0.11 sr. This is consistent with, and may explain, previous reports that such Morpho-inspired thin films provide higher color stability against changing viewing angles [32] , and suggests that diffraction is not essential for generating broad-angle reflections of Morpho butterflies. Instead, any mechanism such as random surface curvature that can provide strong non-specular reflections at large angles [38] may be used, as long as there also exists random vertical offset to blur and broaden the reflection peaks. Indeed, it is interesting to note that the sample f o , whose wrinkles are of the size of several hundred μm [32] , has a similar extent of disorder, ranging from tens of nm to several hundred μm, as Morpho butterfly [25] . Figure 11 shows the effects of changing the multilayer pairs, gap spacing, and the incident angle. We find that, as expected, increasing the multilayer pair increases the reflected intensity, while increasing the gap spacing and the incidence angle reduces the reflected intensity. However, the reflected intensity from films with random disorder show much weaker dependence on such parameters than that from uniform films, consistent with the large body of reports on the importance of disorder for stable iridescence. Still, the fact that varying these parameters changes the reflected intensity indicates that a careful optimization of all such parameters in addition to the degree of disorder is necessary for practical applications. Fig. 11 . The effect of structural parameter. Calculated far-field reflection intensities of 300 nm gap-applied uniform (the structure in Fig. 10(d) ) and random (the structure in Fig. 10(f) ) structure with changing (a-b) the number of multilayer pairs under normal incident light; (c-d) the gap spacing between the neighboring elements under normal incident light; (e-f) the incident angle, at wavelength of 460 nm. (g-i) The dependence of total far-field reflection intensities upon each parameter . All calculations were performed at 460nm wavelength.
Conclusion
In conclusion, we have investigated the effect of nanoscale disorder in Morpho-inspired structures. By directly controlling the vertical disorder in the multilayer structure, we show that while vertical disorder is an essential ingredient in broadening the reflection peaks, it is not sufficient. In case of Morpho butterflies, diffraction plays a critical role to fully generate the broad reflection; however, other methods to suppress specular reflection and generate broad reflections such as random surface curvature can work just as well, as we demonstrate by bright, broad-angle reflection of wrinkled Morpho-inspired thin films.
